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CONVERSION FACTORS

For those readers who may prefer to use metric (International System)
units rather than inch-pound units, the conversion factors for inch-pound
units used in this report are listed below.

Multiply inch-pound unit By To obtain metric unit

Acre 4,047 square meter

Cubic foot per second 0.02832 cubic meter per second

Micromho per centimeter 1 microsiemen per centimeter
at 25 °C at 25 °C

Mile 1.609 kilometer

Square mile 2.590 square kilometer

Degree Celsius (°C) may be converted to degree Fahrenheit (°F) as follows:
°F = 9/5°C+32.



DISSOLVED-SOLIDS DATA FOR THE JAMES RIVER SALINITY MODEL,
NORTH DAKOTA AND SOUTH DAKOTA
By L. I. Briel

ABSTRACT

Operation of the Garrison Diversion Unit in North Dakota will divert
water from the Missouri River into the James River basin and thereby augment
flows in the James River sufficiently to permit expanded irrigation and to
provide new water supplies for municipal and industrial use. Salinity of
water in the James River currently is marginal for irrigation use, and
expanded irrigation may increase river-water salinity beyond acceptable
limits. Monthly mean dissolved solids are required by the U.S. Bureau of
Reclamation salinity model to predict the effects of different management
practices on salinity in the James River. The purpose of this report is
to provide a sumary of available dissolved-solids data and to discuss
methodology to calculate monthly mean dissolved solids. Equations were
developed by relating dissolved solids to specific conductance and also by
relating specific conductance to streamflow for 15 gaging stations in the
James River basin. Dissolved-solids data for supplemental surface-water and
ground-water sources to the James River also are summarized.

INTRODUCTION

Background

The James River of North and South Dakota, a tributary to the Missouri
River, flows about 747 miles from its origin near Fessenden, N.Dak., to its
confluence with the Missouri near Yankton, S.Dak. (pl. 1). The James River
basin consists of about 21,100 square miles of which about 6,600 square miles
is in North Dakota and about 14,500 square miles is in South Dakota. The
general hydrologic characteristics of the basin in North Dakota were described
by Winter and others (1984), and the characteristics in South Dakota were
described by Benson (1983).

The plan for the Garrison Diversion Unit (the Unit) provides for the
construction of a series of canals, reservoirs, and related waterways to
divert water from the Missouri River into the James River basin and thereby
augment flows in the James River sufficiently to permit expanded irrigation
and to provide new water supplies for municipal and industrial use. Water
would be provided to about 130,000 acres of land for irrigation and to as
many as 130 towns and cities for municipal and industrial use. Additionally,
water would be provided for fish and wildlife development and for recreational
purposes.

Congress established the Garrison Diversion Unit Commission to review
the contemporary water-development needs of the State of North Dakota and to
propose modifications to the plan of the Unit. The Garrison Diversion Unit



Commission (1984) recommended that the Unit be constructed, with some changes,
relative to the plan of the Pick-Sloan Missouri Basin Program of 1965. Water
would be discharged to the James River through a feeder canal just downstream
of New Rockford, N.Dak. (pl. 1). Water regulation and flood-control
protection would be provided by the existing Jamestown Reservoir in North
Dakota and by a new reservoir that would be constructed near Glover, N.Dak.

The U.S. Bureau of Reclamation, developer of the Unit, currently is
preparing a revised environmental impact statement for the U.S. Environmental
Protection Agency. One of the concerns that needs to be addressed is the
potential effect of diversion water on salinity in the James River. Salinity
of water in the James River currently is marginal for irrigation use, and
expanded irrigation may increase river-water salinity beyond acceptable
limits. Water diverted from Lake Audubon, N.Dak., to supplement flows in the
James River initially may have relatively large concentrations of dissolved
solids. Irrigation-return flows to the James River also may have large
dissolved-solids concentrations. Accordingly, the salinity of water in the
James River could increase, at least for a time, during operation of the Unit.
The final report of the Garrison Diversion Unit Commission (1984, p. 45)
states that: "After equilibrium conditions are reached in 50 to 70 years,
an increase in salinity of 22 percent from 555 ppm to 680 ppm would be
anticipated for median flows in August at the North Dakota-South Dakota line.”

Purpose

To develop best-management practices for operation of the Unit and to
predict the environmental consequences of the Unit on the James River,
temporal variations in river-water quality need to be predicted with a
greater degree of confidence and accuracy. Given sufficient data, the U.S.
Bureau of Reclamation salinity model can be used to simulate these water-
quality changes. To predict the effects of different management practices
on salinity in the James River, the salinity model requires monthly means for
dissolved solids and streamflow for a 30-year period of record (water years
1953-82). These monthly means can be generated from data in WATSTORE, the
U.S. Geological Survey's computerized water-data storage and retrieval system.
The purpose of this report is to provide a summary of available dissolved-
solids data required by the model and to discuss methodology to calculate
monthly mean dissolved solids. The streamflow data base required by the model
has been determined by G. J. Wiche and others (U.S. Geological Survey, written
commun., 1986).

REACHES USED IN THE SALINITY MODEL

Reaches of the James River that were selected for the salinity model
and the nodes at the downstream end of each reach are summarized in table 1.
These nodes also were used by G. J. Wiche and others (U.S. Geological Survey,
written commun., 1986) to simulate flows in the James River. The major
constraint in the selection of model reaches was the location of gaging
stations along the James River.



-Table 1.--Reaches and nodes for James River salinity model

Salinity model reaches in North Dakota

Gaging station at downstream node

Lake Audubon to Grace City
Grace City to Pingree
Pingree to Jamestown Reservoir

Below Jamestown Reservoir

Jamestown to LaMoure

LaMoure to Oakes

Oakes to North Dakota-South Dakota
State Line

James
James
James

River
River
River

N.Dak.
James River

James
James
James

River
River
River

near Grace City, N.Dak.
near Pingree, N.Dak.
at Jamestown Reservoir,

at Jamestown, N.Dak.
at LaMoure, N.Dak.

at Oakes, N.Dak.

at North Dakota-South

Dakota State line

Salinity model reaches in South Dakota

Gaging station at downstream node

State 1ine to Columbia
Columbia to Stratford
Stratford to Ashton
Ashton to Redfield
Redfield to Huron
Huron to Forestburg
Forestburg to Mitchell
Mitchell to Scotland

James
James
James
James
James
James
James
James

River
River
River
River
River
River
River
River

at Columbia, S.Dak.
near Stratford, S.Dak.
at Ashton, S.Dak.

near Redfield, S.Dak.
at Huron, S.Dak.

near Forestburg, S.Dak.
near Mitchell, S.Dak.
near Scotland, S.Dak.

Supplemental inflow reaches

Gaging station at downstream node

James River headwaters in North Dakota
Diversion inflow from Lake Audubon,
N.Dak.
Pipestem Creek, N.Dak.
Elm River-Maple River system in
South Dakota

James River near Grace City, N.Dak.
James River near Grace City, N.Dak.

James River at Jamestown, N.Dak.
James River near Stratford, S.Dak.




DEVELOPING DISSOLVED-SOLIDS DATA FOR THE SALINITY MODEL

Dissolved Solids as a Measure of Salinity

The U.S. Bureau of Reclamation salinity model requires a data base
consisting of 360 paired values of river-water salinity and streamflow (30
years of monthly mean values) for each of the model reaches. The model also
requires data for supplemental surface-water and ground-water sources to the
James River. For the purposes of water management and irrigation planning,
river-water salinity is defined best by dissolved solids. Dissolved solids
can be determined by two independent analytical procedures: (1) By summing
the analyses of the major chemical constituents, and (2) by residue on
evaporation at 180 °C. Residue on evaporation at 180 °C generally is
considered to represent dissolved solids more accurately (Howard, 1933; Brown
and others, 1970), is the larger of the two dissolved-solids data sets, and
is used in this report.

Historical Data

The U.S. Geological Survey has collected water-quality and streamflow
data at 43 gaging stations in the James River basin. Of the 43 gaging
stations, 18 are located on the James River and 25 are located on tributaries.
Historical water-quality data were retrieved from WATSTORE for the entire
James River basin in North Dakota and South Dakota. The water-quality data
base for October 1, 1953, to September 30, 1983, includes 1,473 measurements
of dissolved solids and 2,851 measurements of specific conductance.

Large numbers of water-quality data are available for the 18 James River
stations, but these data are not evenly distributed among the stations. No
dissolved-solids measurements are available for five stations, and only three
dissolved-solids measurements are available for another station. Some
specific-conductance/streamflow data are available for each of the stations,
but the temporal distribution is intermittent. For some stations, there are
large gaps in the historical record and several stations have only occasional
measurements.

In most cases, fewer water-quality data are available for the 25
tributary stations than for the 18 James River stations. No dissolved-solids
measurements are available for 13 of the tributary stations, and very few
dissolved-solids measurements are available for another 10 stations. Some
specific-conductance/streamflow data are available for each of the 25
tributary stations, but, at 21 of these stations, water-quality sampling was
performed only on an occasional basis. The historical record for these 21
tributary stations generally consists of too few dissolved-solids and
specific-conductance measurements to determine monthly mean dissolved solids.
Therefore, these 21 tributary stations are not included in this report.

Station identification numbers, station names, periods of daily flow
record, and drainage-basin areas for the 18 James River stations and the
remaining four tributary stations are given in table 2. Approximate locations
of these stations are shown on plate 1.
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Monthly mean dissolved solids were calculated for months having available
data for 15 of the 43 gaging stations in the James River basin. The monthly
mean dissolved solids for these stations are given in supplement Al, and the
number of dissolved-solids measurements by month is given in supplement A2.
Monthly mean specific conductances were calculated for months having available
data for 22 of the 43 gaging stations in the James River basin. The monthly
mean specific conductances for these stations are given in supplement Bl1,
and the number of specific-conductance measurements by month is given in
supplement B2. An annual comparison of the data base for dissolved solids and
the data base for specific conductance for selected gaging stations is given
in tables 3a and 3b.

Additional water-quality data collected by State agencies and univer-
sities are available for some sites in the James River basin through the U.S.
Environmental Protection Agency's computerized data storage and retrieval
system (STORET). These water-quality measurements seldom are associated with
concurrent streamflow measurements and are not demonstrably compatible with
the larger U.S. Geological Survey data base; therefore, these data are not
included in this report.

Correlation of Dissolved Solids with Specific Conductance

The historical specific-conductance data base for the James River
stations contains nearly twice as many values as the corresponding historical
dissolved-solids data base; therefore, specific-conductance data can be used
to expand the number of available dissolved-solids data. Linear relationships
were established between dissolved solids and specific conductance in the form
of

Dissolved solids = a + b (Specific conductance), (1)
where

a
b

intercept, and
slope,

for 13 of the 18 James River stations by using regression routines available
in P-STAT (P-STAT, Inc., no date). A mean linear regression was developed
using all the data for the group of 13 stations. This mean linear regression
was assumed to apply to the five James River stations having specific-
conductance data but no dissolved-solids data. Regression coefficients for
each of the 13 stations having dissolved-solids data and for an equation that
represents a mean of all the data for the 13 stations are given in table 4.

The coefficient of determination (R2) is the percent of the total
variation in the data that is explained by the regression equation. The value
of RZ can range from zero, which indicates no relationship, to unity, which
indicates a strong relationship between the variables. For the 13 James River
stations, the value of RZ ranged from 0.85 to 0.99 (table 4).

Monthly mean dissolved solids as calculated from specific conductance by
linear-regression equations are listed in supplement C for 30 years for 15
stations. This method of determining monthly mean dissolved solids produced
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2,379 monthly values or about 44 percent of the 5,400 monthly values required
as input for the 15 reaches of the salinity model (table 1). Differences
between measured and calculated monthly mean dissolved solids, residuals, are
typically small and are listed in supplements D and E. For the 13 James River
stations, mean monthly dissolved solids calculated by the linear-regression
equations are within 25 percent of measured mean monthly dissolved solids
(table 5) except for the station near Scotland, S.Dak., which has a 66-percent
difference for April.

Differences between historic dissolved solids and dissolved solids
calculated from specific-conductance data vary considerably with the time of
year. The largest deviations occur more frequently at times of high
streamflow, especially during early spring.

Errors (or conversely accuracy) in the linear-regression equations can be
shown by the standard error of estimate (table 4). The standard error of
estimate is a measure of the goodness of fit for a regression line. Some lack
of correspondence between measured and calculated dissolved-solids values may
be due to a bias in the sampling schedule rather than to an error in the
linear-regression equations. Sampling for water-quality determinations, such
as dissolved solids, generally is scheduled to coincide with peak flow.
Routine streamflow measurements and accompanying specific-conductance
determinations are more frequent. Accordingly, mean monthly dissolved solids
calculated from several annual springtime specific-conductance measurements
may be expected to differ from a single annual springtime dissolved-solids
determination.

Correlation of Specific Conductance with Streamflow

Another method is needed to determine the remaining 3,021 monthly values
required as input for the 15 reaches of the salinity model (table 1). Forms
of regression equations examined included simple linear equations; complex
exponential equations of the second, third, fourth, and fifth orders; and
multiple regression equations. Relationships were established between
specific conductance and streamflow for the 18 James River stations, but six
stations had 16 or less specific-conductance/streamflow data pairs, which is
an insufficient number to be regarded statistically (table 6). For the
remaining 12 James River stations, twg forms of the regression equation
generally produced larger values of RZ. Both of these equations involve the
use of the natural logarithm:

Specific conductance = a + b [In(Streamfliow)] (2)

and
In(Specific conductance) = a + b [In(Streamflow)] (3)
where
a = intercept, and
b = slope.
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Values of a and b for the log-linear equation and the l1og-log equation along
with other characteristics of the regression equations are given in table 6
for the 18 James River stations.

Deciding on whether to use a log-linear equation or a log-log_equation to
predict specific conductance should not be based on the value of R2, Rather,
the decision should be based on examination of specific conductance versus
In streamflow plots, 1n specific conductance versus 1n streamflow plots, and
residuals plots. The choice between these two equations for many of the
stations is largely a matter of preference.

Dissolved Solids of Supplemental Surface-Water Sources

In addition to data for the 15 reaches on the James River between Grace
City, N.Dak., and Scotland, S.Dak., the U.S. Bureau of Reclamation salinity
model requires monthly mean dissolved-solids and streamflow data for four
supplemental surface-water sources: (1) James River upstream of Grace City,
N.Dak.; (2) Lake Audubon, N.Dak., at the Snake Creek pumping station; (3)
Pipestem Creek at its confluence with the James River near Jamestown, N.Dak.;
and (4) Elm River near Westport, S.Dak. The historical data base for these
four supplemental surface-water sources consists of 219 dissolved-solids
values and 495 specific-conductance/streamflow data pairs.

James River Upstream of Grace City, N.Dak.

The gaging station near Grace City, N.Dak., represents a special node in
the salinity model because this node would receive both natural inflows from
the headwaters of the James River and inflows diverted from Lake Audubon,
N.Dak. Dissolved-solids and streamflow data for both types of inflow are
needed for the model. A small amount of data was retrieved for two gaging
stations on the James River upstream of the Grace City node. For the gaging
station near Manfred, N.Dak., there are 30 dissolved-solids values
(representing 28 months of record) and 97 specific-conductance/streamflow data
pairs available from October 1953 through September 1983. For the gaging
station at New Rockford, N.Dak., there are three dissolved-solids values and
three specific-conductance/streamflow data pairs available. Because this data
set is small, the initial salinity of water in the James River upstream of the
Grace City node probably can be estimated more accurately by using data from
the gaging station near Manfred, N.Dak., and one of the regression equations
in table 6.

Lake Audubon, N.Dak., at Snake Creek Pumping Station

The U.S. Geological Survey does not have a water-quality gaging station
on Lake Audubon, N.Dak. To obtain an approximation of the dissolved solids
of proposed inflows at the Grace City node, it was necessary to use data
from the closest Missouri River gaging station, which is the station at
Garrison Dam, N.Dak. For this station (station 06338490), 130 dissolved-
solids values and 142 specific-conductance/streamflow data pairs are available
for the period of record. The RZ value for the relationship between specific
conductance and streamflow is 0.022, which indicates that changes in specific
conductance are not explained by changes in streamflow. The storage behind
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Garrison Dam is very large, and inflow is fairly well mixed. Thus, dissolved
solids do not vary much from month to month or year to year. Because the
specific-conductance/streamflow data base is not significantly larger than the
dissolved-solids data base, 12 mean monthly dissolved solids were calculated
directly from the available dissolved-solids data. Assuming that the monthly
mean dissolved solids in the lake do not vary from year to year, these 12
values can be used as input to the salinity model for Lake Audubon. The mean
monthly dissolved solids and associated statistical information for the
Missouri River gaging station at Garrison Dam, N.Dak., are given in table 7.

Pipestem Creek, N.Dak.

Pipestem Creek is the largest tributary of the James River in North
Dakota. Historical water-quality data on Pipestem Creek are available for two
gaging stations: Pipestem Creek near Buchanan, N.Dak., from 1957-65 and
1971-74 and Pipestem Creek near Pingree, N.Dak., from 1974 to present. Both
stations, however, monitored the quality of inflow to Pipestem Reservoir,
which is not necessarily the same as the quality of outflow from it. No data
are available on the quality of water in Pipestem Creek downstream of the
reservoir.

Elm River System in South Dakota

The EIm River system, which includes the Maple River, is the largest
tributary to the James River in South Dakota. Historical water-quality data
for the Maple River and the EIm River were retrieved for two gaging stations--
the Maple River at the North Dakota-South Dakota State line and the EIm River
at Westport, S.Dak. For the two stations together, no dissolved-solids values
and 112 specific-conductance/streamflow data pairs are available. Because no
dissolved-solids values are available, it was not possible to develop a
dissolved-solids/specific-conductance regression for this data set.

Therefore, the regression that was developed using an aggregate of all data
from the 13 James River stations (table 4) can be used.

Dissolved Solids of Significant Ground-Water Sources

Investigations of the lower James River by P. K. Christensen and J. E.
Miller (written commun., 1985) indicated that the only significant ground-
water contribution to the James River in North Dakota occurs where the
Spiritwood aquifer system intersects the river downstream from Jamestown.
During the 2-year period for which data are available, seepage from the
Spiritwood aquifer system to the James River was measurable only at times
of minimum flow. For 1 to 2 months each winter, maximum seepage measured
was 5 cubic feet per second. The quality of seepage was assumed to be the
same as that of ground water within 1 mile of the river,

For the purposes of the salinity model, ground-water contributions to the
James River in North Dakota can be considered significant only in the reach
between Jamestown and LaMoure. The U.S. Bureau of Reclamation salinity model
includes seepage only when flows in the James River are less than 10 cubic
feet per second. The rate of seepage inflow is assumed to be fixed at 5 cubic
feet per second. Based on the mean dissolved-solids value of water from 12
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wells located within 1 mile of the river, the dissolved solids of seepage from
the Spiritwood aquifer system to the James River can be assumed to be about
1,070 milligrams per liter.

Similar, though less extensive, hydrologic assessments of the James River
in South Dakota have been made by Waring and Bush (1950) and Benson (1983).
Based on their investigations and on assessments of hydrographs, significant
ground-water contributions to the James River in South Dakota are believed to
be restricted to contributions from drift aquifers in the Elm River system,
which joins the James River between Columbia and Stratford, S.Dak. Because
base-flow hydrographs of the Columbia to Stratford reach are similar to those
of the James River at LaMoure, N.Dak., seepage can be assumed to be comparable
in magnitude and in behavior.

For the purposes of the salinity model, ground-water contributions to the
James River in South Dakota can be considered to be significant only in the
reach between Columbia and Stratford and occur as infiow to the Eim River
tributary. Thus, the U.S. Bureau of Reclamation salinity model includes
seepage only when streamflow at the James River gaging station near Stratford,
S.Dak., is less than 10 cubic feet per second. The rate of seepage inflow to
the EIm River system is assumed to be fixed at 5 cubic feet per second. Based
on the mean dissolved-solids value of water from six wells within 2 miles of
the Elm River, the dissolved solids of seepage from the drift aquifer can be
assumed to be 920 milligrams per liter.

SUMMARY

Monthly mean dissolved solids are required by the U.S. Bureau of
Reclamation salinity model to predict the effects of different management
practices on salinity in the James River. The input data required by the
salinity model consists of monthly means for dissolved solids and streamflow
for 15 reaches on the James River for a 30-year period of record (water years
1953-82). The model also requires data for supplemental surface-water and
ground-water sources. The purpose of this report was to provide a summary of
available dissolved-solids data and to discuss methodology to calculate
monthly mean dissolved solids.

Monthly mean dissolved solids were calculated from the available data
base. Data summarized in this report were generated entirely from U.S.
Geological Survey data in WATSTORE. Additional water-quality data collected
by State agencies and universities are available for some sites in the James
River basin, but these data were not included in the monthly means because
they seldom are associated with concurrent streamflow measurements.

At all of the tributary gaging stations on the James River, data on
dissolved solids have been collected too infrequently to define the required
360 monthly mean values accurately. A method of expanding the dissolved-
solids data base using specific-conductance data was developed. This method
produced an expanded data base that contained only about 44 percent of the
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monthly mean dissolved solids for James River reaches required as input for
the salinity model. Relationships were established between specific
conductance and streamflow and can be used to dctermine the remaining 56
percent of the monthly mean dissolved solids.

In addition to data for the 15 reaches on the James River, the salinity
model requires monthly mean dissolved-solids and streamflow data for four
supplemental surface-water sources: (1) James River upstream of Grace City,
N.Dak.; (2) Lake Audubon, N.Dak., at the Snake Creek pumping station; (3)
Pipestem Creek at its confluence with the James River near Jamestown, N.Dak.;
and (4) Elm River near Westport, S.Dak. The initial salinity of water in the
James River upstream of Grace City, N.Dak., can be estimated from data
collected at the James River gaging station 1ocated near Manfred, N.Dak.
Salinity of water in Lake Audubon at the Snake Creek pumping station was
inferred from data collected at the closest Missouri River gaging station,
which is the station at Garrison Dam, N.Dak. No data are available on the
quality of water in Pipestem Creek downstream of Pipestem Reservoir. Because
no dissolved-solids values are available for the Elm River, a regression that
was developed using an aggregate of all data from 13 James River stations was
used to determine monthly mean dissolved solids for months having measurements
of specific conductance.

The salinity model also requires dissolved-solids data for significant
ground-water sources to the James River. In North Dakota, ground-water
contributions were considered significant only in the reach between
Jamestown and LaMoure. The rate of seepage inflow from the Spiritwood aquifer
system is assumed to be 5 cubic feet per second when streamflow is 10 cubic
feet per second or less. The dissolved solids is assumed to be 1,070
miiligrams per liter, based on the mean dissoived-solids value of water from
12 wells located within 1 mile of the James River.

In South Dakota, significant ground-water contributions to the James
River system are believed to be restricted to seepage inflow from drift
aquifers in the Elm River system, which joins the James River between Columbia
and Stratford. The rate of seepage inflow from the drift aquifer is assumed
to be fixed at 5 cubic feet per second when streamflow is 10 cubic feet per
second or less. The dissolved solids is assumed to be 920 milligrams per
liter, based on the mean dissolved-solids value of water from six wells
located within 2 miles of the Elm River.
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